Diversity and ecological features of cyanobacteria of the genus Nodularia from benthic, periphytic and soil habitats are less well known than those of Nodularia from planktonic habitats. Novel benthic Nodularia strains were isolated from the Baltic Sea and their morphology, the presence of gas vacuoles, nodularin production, gliding, 16S rRNA gene sequences, rpoB, rbcLX and ndaF genes, and gvpA-IGS regions were examined, as well as short tandemly repeated repetitive sequence fingerprints. Strains were identified as Nodularia spumigena, Nodularia sphaerocarpa or Nodularia harveyana on the basis of the size and shape of the different types of cells and the presence or absence of gas vacuoles. The planktonic strains of N. spumigena mostly had gas vacuoles and produced nodularin, whereas the benthic strains of N. sphaerocarpa and N. harveyana lacked gas vacuoles and did not produce nodularin (except for strain PCC 7804). The benthic strains were also able to glide on surfaces. In the genetic analyses, the planktonic N. spumigena and benthic N. sphaerocarpa formed monophyletic clusters, but the clusters were very closely related. Benthic strains determined as N. harveyana formed the most diverse and distant group of strains. In addition to phylogenetic analyses, the lack of the gvpA-IGS region and ndaF in N. sphaerocarpa and N. harveyana distinguished these species from the planktonic N. spumigena. Therefore, ndaF can be considered as a potential diagnostic tool for detecting and quantifying Baltic Sea bloom-forming, nodularin-producing N. spumigena strains. The data confirm that only one morphologically and genetically distinct planktonic species of Nodularia, N. spumigena, and at least two benthic species, N. sphaerocarpa and N. harveyana, exist in the Baltic Sea.
INTRODUCTION
The cyanobacterial genus Nodularia Mertens (Bornet & Flahault, 1886) comprises filamentous, uniseriate, heterocytous cyanobacteria, which occur in planktonic, benthic and terrestrial habitats. Planktonic Nodularia strains produce nodularin hepatotoxin and form toxic blooms in brackish and saline water bodies around the world (Sivonen et al., 1989; Harding et al., 1995; Bolch et al., 1999; del Carmen Pérez et al., 1999) .
To date, the diversity and toxic properties of bloomforming planktonic Nodularia have been more widely studied than those of the benthic forms. A study of strains from the Baltic Sea showed that strains with gas vacuoles were phylogenetically distinct from, although closely related to, strains without gas vacuoles (Lehtimäki et al., 2000) . Genetic studies of three morphologically defined (Komárek et al., 1993) planktonic species (Nodularia baltica, Nodularia litorea and Nodularia spumigena) and two benthic species (Nodularia harveyana and Nodularia sphaerocarpa) showed that only one genetically justified planktonic species, N. spumigena (Barker et al., 1999; Laamanen et al., 2001) , and two benthic species, Abbreviations: gvpA-IGS, intergenic spacer between two copies of gas vacuole protein A genes; ITS, internal transcribed spacer; mcyE, microcystin synthetase subunit E gene; ML, maximum-likelihood; MP, maximum-parsimony; ndaF, nodularin synthetase subunit F gene; NJ, neighbour-joining; PCA, principal component analysis; PC-IGS, phycocyanin operon intergenic spacer; PP1, protein phosphatase 1; rbcLX, ribulose-1,5-bisphosphate carboxylase/oxygenase subunit L and chaperonin-like protein X genes; rpoB, DNA-dependent RNA polymerase subunit B gene; STRR sequence, short tandemly repeated repetitive sequence.
The GenBank/EMBL/DDBJ accession numbers for the sequences reported in this study are AJ781131-AJ781151 (16S rRNA gene sequences), AJ781152-AJ781161 (ndaF), AJ781486-AJ781497 (gvpA-IGS), AJ783307-AJ783334 (rpoB) and AJ783675-AJ783703 (rbcLX).
N. harveyana and N. sphaerocarpa, exist in the Baltic Sea (Komárek et al., 1993; Laamanen et al., 2001) . Furthermore, toxicity was confined to the planktonic N. spumigena (Laamanen et al., 2001; . These studies indicate that considerable genetic variation exists in strains isolated from benthic habitats. Nevertheless, the lack of benthic isolates has restricted further phylogenetic analyses.
According to the taxonomic note of Stackebrandt et al. (2002) , the phylogenetic position of a species should be determined by several methods, such as morphological, physiological, and 16S rRNA and protein-coding gene analysis, as well as genomic fingerprinting. Sequence analysis of housekeeping and other genes, such as DNAdependent RNA polymerase subunit B (rpoB) (Palenik & Swift, 1996; Wilson et al., 2000) , ribulose-1,5-bisphosphate carboxylase/oxygenase subunit L (rbcL) and chaperoninlike protein X (rbcX) (Rudi et al., 1998; Gugger et al., 2002) , have proved to be valuable targets of study for several cyanobacteria. However, thus far, they have not been used for analysis of Nodularia strains. Genomic fingerprinting, on the other hand, has been used to differentiate N. spumigena and N. sphaerocarpa (Lehtimäki et al., 2000) .
A species should form a phylogenetic cluster and comprise ecologically unique bacteria (Palys et al., 1997; Cohan, 2002) . Gas vacuole protein A gene (gvpA), encoding a basic structural protein of gas vacuoles, is often present as multiple copies in cyanobacteria (Barker et al., 1999) . As such, it determines whether the habitat of a cyanobacterium is in plankton or in the bottom of a water body. An analysis of gvpA-IGS (intergenic spacer between two copies of gvpA) revealed a genetically very homogeneous population of bloom-forming N. spumigena over a wide geographical area of the Baltic Sea (Barker et al., 1999) .
The ecological purpose of hepatotoxin production is not yet fully understood. Traditionally, cyanobacterial toxins have been regarded as repellents for zooplankton (e.g. Lampert, 1981) . However, the effects of toxic planktonic N. spumigena on zooplankton are not only adverse, but may be neutral or even positive (Engström-Ö st et al., 2002; Koski et al., 2002) . Nodularin hepatotoxin is produced via a nodularin synthetase (nda; GenBank/EMBL/DDBJ accession no. AY210783) gene cluster. The nda genes seem to be recently derived from microcystin synthetase genes (Rantala et al., 2004) . These peptide synthetase gene clusters are ancient, sporadically distributed among cyanobacteria and have been lost from some derived lineages (Rantala et al., 2004) .
The genus Nodularia is special among the cyanobacteria as it is the only monophyletic heterocytous, filamentous cyanobacterial genus that contains two separate lineages that either have gas vacuoles (planktonic) or are without them (benthic). Our objective was to provide further information on the phylogenetic relationships of the two lineages by describing the phenotypic (morphology, gas vacuoles, nodularin production, gliding), genetic (16S rRNA gene, rpoB, rbcLX, ndaF and gvpA-IGS) and genomic [short tandemly repeated repetitive (STRR) sequence fingerprinting] features of aged and freshly isolated planktonic and benthic Nodularia strains. In addition, the botanical taxonomy of the genus Nodularia (Komárek et al., 1993) , with an emphasis on benthic Nodularia species, is reviewed.
METHODS
Cyanobacterial strains. Novel benthic strains were isolated from littoral zones, growing on rock or plant surfaces under the water or in rock pools near the water level in the Gulf of Finland of the Baltic Sea. The strains were isolated by plating the samples onto agarose plates of Z8 (Rouhiainen et al., 1995) and purified further into uniclonal cultures.
Morphology. Strains were grown for 2 weeks on Z8 medium without nitrogen and with salt in continuous light of 3-10 mmol m 22 s 21 (Lehtimäki et al., 1994) prior to morphological analyses. Microscopic analysis and identification were carried out without knowing the strain identities. Strains were identified to species level following the taxonomy of Komárek et al. (1993) . The sizes of vegetative cells, heterocytes and akinetes were determined under an inverted microscope (Leica DM IRB) with phase-contrast optics. From each strain and cell type, three replicate measurements were made and the mean value was used for identification. In addition, observations were made on the presence or absence of gas vacuoles, the shape of the terminal cells, and the colour and positioning of the akinetes. Micrographs of the strains were produced with a digital camera (Polaroid DMC 1).
Gliding experiments. Nodularia strains were plated onto Z8 agarose (Rouhiainen et al., 1995) with salt and without nitrogen and grown for several weeks. Gliding capacity was detected by visual examination.
Nodularin analyses. Nodularin was extracted from approximately 5 mg lyophilized cells three times with 75 % aqueous methanol according to Fastner et al. (1998) . Extracts were pooled, methanol was evaporated with a vacuum concentrator (Maxi Dry Plus) and water was added to obtain the original extraction volume. Prior to toxicity tests, extracts were filtered through 0?2 mm syringe filters (Acrodisc) and diluted to get toxin concentrations in the working range of toxicity assays. Samples were stored at 220 uC until analysed by ELISA and protein phosphatase inhibition assay.
Samples were analysed according to the manufacturer's instructions with an Envirogard Microcystins Plate kit (Strategic Diagnostics), which is a direct competitive ELISA for quantitative detection of microcystins and nodularins. ELISA plates were read with a microplate photometer (iEMS Reader MF; Labsystems) at 450 nm.
In addition, protein phosphatase 1 (PP1) activity of samples was determined using a colorimetric protein phosphatase inhibition assay (An & Carmichael, 1994) with slight modifications. Samples were incubated with 5 U PP1 enzyme ml 21 (New England Biolabs) for 40 min at 37 uC in the microplate photometer. Production of coloured p-nitrophenol from p-nitrophenol phosphate (Calbiochem) was determined at 405 nm. A standard curve was produced with known concentrations (0?5-5?0 mg l 21 ) of microcystin-LR. The relative toxin concentration was determined from the linear region of the standard curve, i.e. the region between 20 and 80 % activity of PP1 enzyme.
Amplification of 16S rRNA, rpoB, rbcLX and ndaF genes and gvpA-IGS. Genomic DNA was isolated and purified with a DNeasy Plant Mini kit (Qiagen). The 16S rRNA gene with internal transcribed spacer (ITS) sequence (approx. 1600 bp) was amplified with primers pA (Edwards et al., 1989) and B23S with PCR cycling as described by Lepère et al. (2000) . For amplification of over 500 bp of rpoB, primers (rpobF, rpoBR, rpoBF2 and rpoBR2) and PCR cycling conditions described by Rajaniemi et al. (2005) were used. Region rbcLX (about 900 bp) was amplified with primers CW and DW and the PCR cycling conditions of Rudi et al. (1998) . An approximately 800 bp region of ndaF of Nodularia was amplified with primers and PCR originally designed for mcyE (microcystin synthetase subunit E gene) from Anabaena (Vaitomaa et al., 2003) with the exception of annealing at 52 uC. A fragment of about 252-350 bp of gvpA-IGS was amplified with primers PVAIF2 and PVAR2 (Barker et al., 1999) Edwards et al. (1989) . Primer sets used for amplification of rpoB, rbcLX, gvpA-IGS and mcyE were used for sequencing of the corresponding genes. Additional primers to sequence the rbcLX region were designed by Gugger et al. (2002) and by us (rbcLF, rbcLR, rbcXF, rbcXR, . The synonymous and non-synonymous substitution rates of rpoB, rbcL and rbcX were calculated with the Synonymous/Non-synonymous Analysis Program (http://www.hiv.lanl.gov; Korber, 2001) . The ambiguous nucleotides in the 16S rRNA gene observed in the present study were compared with corresponding positions in 16S rRNA secondary structure of Escherichia coli with ARB (Ludwig et al., 2004) .
Clustering of genetic and genomic data. The contigs were assembled with Trev (Bonfield et al., 2002) and edited with Gap4 (Staden et al., 2003) of the Staden Package and aligned with BIOEDIT (Hall, 1999) . Phylogenetic nucleotide sequence trees were inferred with neighbour-joining (NJ) based on F84 distances and maximumparsimony (MP) criteria of PAUP* (Swofford, 2001) . The phylogenetic nucleotide sequence trees were also inferred with maximumlikelihood (ML) criteria of PHYLIP (Felsenstein, 1993) . Phylogenetic amino acid sequence trees were inferred with NJ based on F84 distances and MP and ML criteria of PHYLIP. Bootstrap resamplings (1000) were performed for each consensus tree. The ML nucleotide sequence consensus trees of the 16S rRNA gene were an exception with 24 resamplings, as were rpoB and rbcLX, both with 50 resamplings. A UPGMA (unweighted pair-group method with arithmetic means) phenogram representing STRR fingerprints was constructed based on Dice similarities (based upon the presence or absence of bands) with the Bionumerics program (Applied Maths). In addition to tree construction analyses, the clustering of genetic and genomic data was examined by principal component analysis (PCA) of CAP (PISCLES) of F84 distances based on the 16S rRNA gene, rpoB and rbcLX, as well as Dice distances of STRR fingerprints.
RESULTS AND DISCUSSION
Identification of Nodularia strains based on morphology, nodularin production and gliding
Following the morphological taxonomy of the genus Nodularia of Komárek et al. (1993) , three different species were identified among our strains. Twelve strains were identified as N. spumigena, 11 as N. sphaerocarpa and four as N. harveyana. Strain PCC 7804, which has been previously identified as N. sphaerocarpa or N. harveyana, could not be identified to species level in the present study. Strains that were identified as N. spumigena were always isolated from plankton (Table 1) and were characterized by the presence of gas vacuoles (Table 2 , Fig. 1A , C), the inability to glide and nodularin production ( Table 2 ). Strains that did not produce nodularin, lacked gas vacuoles and were mainly isolated from different types of benthic habitats were identified as either N. sphaerocarpa or N. harveyana species. The main distinguishing morphological features between the two benthic species were: the width of the vegetative cells, i.e. wider in N. sphaerocarpa (mean width of 7?0 mm; Table 2 (Table 2) , i.e. spherical, often yellowish-ochre in colour and in long chains in N. sphaerocarpa ( Fig. 1E ) and oval, smaller in size and in chains of two to four in N. harveyana (Fig. 1I ). In addition, it was noted that filaments of N. harveyana strains commonly terminated with heterocytes and that intercalary heterocytes were quite often in pairs ( Fig. 1G-I ).
Identification based solely on cell sizes/shapes and the presence or absence of gas vacuoles was not straightforward. Identification was especially difficult when the gas vacuoles were absent in strains of N. spumigena. Strains BY1 and PCC 9350 lost their gas vacuoles during cultivation, which seems to be common in cultured strains [ Fig. 1B ; see the discussions of Lehtimäki et al. (2000) and Laamanen et al. (2002) ]. Nevertheless, nodularin production and gliding (Table 2) were the other two important distinguishing characters between the planktonic and benthic strains. Gliding was observed only by the benthic strains, which seems reasonable since those strains were isolated from bottom habitats where they most likely grew attached onto or in close proximity to surfaces. On a surface, filaments move towards more optimal growth conditions by gliding. Cyanobacteria have different motility strategies such as moving by pili (Synechococcus PCC 6803), polysaccharides (Phormidium, Anabaena variabilis) or oscillin protein forming fibres on the cell surface (Oscillatoria) (McBride, *Numbers refer to the following references: 1, this study; 2, Lehtimäki et al. 2001). The mechanism by which N. sphaerocarpa and N. harveyana glide remains to be studied.
Phylogenetic relationships within the genus Nodularia
The different hierarchical tree constructions, NJ, MP and ML methods, used for analysis of the 16S rRNA, rpoB and rbcLX genes (Fig. 2, Fig. 3 and Fig. 4 ) gave a similar general clustering of the strains. Non-hierarchical PCA (data not shown) was performed to test the reliability of hierarchical groups, such as the N. sphaerocarpa group, with less than 50 % bootstrap support. The PCA gave similar grouping and thus confirmed the reliability of hierarchical clustering.
The general scheme of phylogenetic clustering of the strains was in line with our morphological species identifications as the strains identified as belonging to different species clustered separately. The planktonic strains, which were identified as N. spumigena, were closely related to the N. sphaerocarpa strains but they formed a separate group. In terms of morphological features, the distinct homogeneous clustering of the species (Figs 2, 3 and 4) was supported by the larger mean cell widths of N. spumigena compared to those of N. sphaerocarpa (Table 2 ) and the almost round, ochre-coloured akinetes, which often formed long chains in N. sphaerocarpa (Fig. 1E ) in comparison to the oval, less numerous akinetes in N. spumigena. This result is in agreement with a recent morphological and phylogenetic study of various heterocytous filamentous cyanobacteria, such as Anabaena and Aphanizomenon, showing that shape, width and length of the akinetes were coherent with phylogenetic clustering (Rajaniemi et al., 2005) . Strains of N. harveyana formed a separate group, which was more diverse (Figs 2, 3 and 4, Table 3 ).
The 16S rRNA, rpoB and rbcLX genes studied seem to have relatively similar evolutionary histories; therefore, the groupings obtained in this study can be considered to be reliable for phylogenetic delineation of Nodularia strains. Reliability of the tree topologies was also confirmed with larger taxon sampling of the 16S rRNA gene (data not shown), which generally resulted in the same tree topologies as the samplings presented in Figs 2, 3 and 4. In the present study, strain isolation resulted in five novel benthic Nodularia strains. These and the previously isolated benthic Nodularia were identified either as N. sphaerocarpa or as N. harveyana. These results give phylogenetic support to the division of the benthic Nodularia without gas vacuoles into at least the two species, N. sphaerocarpa and N. harveyana, as described by Komárek et al. (1993) . Morphology-based descriptions on further benthic Nodularia species exist but those species are not considered here [see Komárek et al. (1993) Strains of N. spumigena shared extremely high sequence similarity values for their 16S rRNA (98?5-100 %), rpoB (97?6-100 %) and rbcLX (99?1-100 %) genes (Table 3) . Nevertheless, STRR fingerprints (Fig. 5) showed more diversity (17?43-96?67 %). The results of 16S rRNA gene analyses are coherent with the recent results on N. spumigena with the 16S rRNA gene (Lehtimäki et al., 2000) and the 16S-23S rRNA ITS sequences (Laamanen et al., 2001) , which demonstrated the high genetic similarity of N. spumigena strains from the Baltic Sea. observed 16S rRNA gene sequence similarities of 98?7-100 % within the N. spumigena phylogenetic cluster, which is parallel to our results.
In addition, hierarchical UPGMA (Fig. 5 ) and nonhierarchical PCA (data not shown) on STRR fingerprints gave similar groupings. The STRR fingerprints of N. spumigena showed that the Baltic Sea population is not clonal. The result is in agreement with previous studies on noncoding regions, such as the 16S-23S rRNA ITS, gvpA-IGS and phycocyanin operon intergenic spacer (PC-IGS) (Barker et al., 1999 (Barker et al., , 2000 Laamanen et al., 2001) . These studies revealed variation among Baltic N. spumigena strains sharing identical 16S rRNA genes. In addition, fingerprinting methods such as RAPD-PCR on Baltic Sea and Australian strains (Bolch et al., 1999) , and repetitive extragenic palindromic sequence-and enterobacterial repetitive intergenic consensus-PCR on the Baltic Sea strains (Lehtimäki et al., 2000) yielded a more diverse picture of the N. spumigena cluster than that shown by STRR in this study. The benthic N. sphaerocarpa and N. harveyana were more diverse than the planktonic N. spumigena, as shown by all methods used. Among the N. sphaerocarpa strains, the similarity values of the 16S rRNA (98-100 %), rpoB (91?8-100 %) and rbcLX (95?5-100 %) gene sequences and the genomic ones of STRR (6?7-92?1 %) were lower than those observed in N. spumigena (Table 3) . N. harveyana was the most diverse of the three species, as demonstrated by the relatively low similarity values of the 16S rRNA (97?5-99?6 %), rpoB (87?1-96?5 %) and rbcLX (89?4-99?3 %) gene sequences (Table 3) . within N. harveyana were also low (Fig. 5) .
N. harveyana strains formed one branch in the rbcLX tree (Fig. 4) and two branches in both the rpoB (Fig. 3) and the 16S rRNA gene (Fig. 2) trees. This implies that among the strains identified as N. harveyana either two species exist or the species is genetically diverse. The 16S rRNA gene similarity among N. harveyana strains is, however, greater than the 97 % threshold value for strains of the same species. Organisms with DNA-DNA similarity greater than 70 %, which is the boundary value for recognizing a species (Wayne et al., 1987) , often share more than 97 % 16S rRNA gene similarity (Stackebrandt & Goebel, 1994) . Therefore, 97 % similarity circumscribes the species, although bacterial species delineation should not be based only on rRNA gene similarities (Rosselló -Mora & Amann, 2001 ). Our study is the first one to include several N. harveyana strains. Strain Hübel 1983/300 (CDAC1983/300 in ) is included in the taxonomic review of Komárek et al. (1993) and therefore it can be considered as a reference strain for the morphologically determined species. It was found to be highly divergent from the other strains of Nodularia by analysis of sequences of the 16S rRNA gene ) and the 16S rRNA ITS and PC-IGS regions (Laamanen et al., 2001) . Also in this study, this strain was the most divergent of all N. harveyana strains, as shown by all the molecular methods.
In this study, clear genetic discontinuities were not evident between the three Nodularia species, which was demonstrated by overlapping similarity values within and between the species (Table 3) . If the boundary value of 97 % 16S rRNA gene similarity for identifying a species (Rosselló -Mora ) and 98?6 % (Barker et al., 1999) , as well as greater than 99 % (Lehtimäki et al., 2000) between planktonic N. spumigena and benthic N. sphaerocarpa. The greater than 97 % similarity value does not necessarily guarantee that strains share a high degree of DNA-DNA reassociation and thus are closely related (Stackebrandt & Goebel, 1994) . A recent study on the 16S rRNA gene of planktonic and benthic Anabaena showed that the two forms were intermixed and shared similarities as high as 99?2 % (Rajaniemi et al., 2005) . However, the strains formed several distinct clades, possibly representing different species. Evolution is a continuum and 16S rRNA and DNA-DNA similarities are arbitrary divisions for species. Sequence-based phylogeny, which uses evolutionary models with distinct types of nucleotide substitutions as well as sequence similarities, is a good approach to study speciation. The present phylogenetic study shows separate genetic grouping and distinct differences in phenotypic features between the groups despite the fact that the margins of the groups are not genetically clearly defined.
Specific features of genetic and genomic data
In this study, all 16S rRNA gene sequences of N. spumigena, N. sphaerocarpa and N. harveyana (Table 2) , with the exception of N. harveyana BECID29 and Hübel 1983/300, had ambiguous nucleotides, which indicates that these strains carry at least two different 16S rRNA gene copies.
The ambiguous nucleotides occurred frequently at both complementary nucleotides in paired regions corresponding to Escherichia coli 16S rRNA secondary structure loop 6 (N. . Mutations seemed to accumulate in these regions because the correction mechanism for the initial mutation caused mutation at the complementary site instead of reversing the initial mutation. Ambiguous nucleotides were also sometimes found at only one complementary nucleotide position and in nonpaired regions of the loops. Mutations do not seem to be beneficial since they have not spread to all other 16S rRNA gene repeats. This present study showed that planktonic and benthic strains of Nodularia carry more than one different copy of the 16S rRNA gene and thus purifying selection (concerted evolution) does not play a major role in the evolution of the 16S rRNA gene of these heterocytous cyanobacteria. Genetic studies have shown that a wide range of planktonic cyanobacteria carry several 16S rRNA gene copies in a single strain, which are devoid of purifying selection (Iteman et al., 2002) , and thus also several rRNA operons (Iteman et al., 2002; Gugger et al., 2002; Laamanen et al., 2002) .
Synonymous substitutions exceeded non-synonymous substitutions in rpoB and rbcLX regions of the Nodularia strains studied here, indicating that negative selection (purifying selection) plays an important role in the evolution of these protein regions. Therefore, these gene regions may be utilized as phylogenetic tools for strains of the genus Nodularia. The amino acid sequence of the C-terminal end of rbcX was very heterogeneous and, for example, Nodularia strain PCC 7804 contained a frame-shift mutation in this region. Therefore, the C-terminal end of rbcX of the studied strains was not included in the alignment and the possible neutral or positive selection evolving the C-terminal end of rbcX was not tested.
The main Nodularia groups in the rbcLX tree were the same as those in the 16S rRNA gene and rpoB trees. Therefore, the rbcLX region of Nodularia strains did not seem to be laterally transferred, in contrast to the rbcLX of other planktonic cyanobacteria strains, such as those from the genera Anabaena and Aphanizomenon (Rudi et al., 1998; Gugger et al., 2002) . The slight differences found between 16S rRNA gene, rpoB and rbcLX trees are potentially caused by the low number of nucleotide and amino acid differences in the sequences of the studied Nodularia strains.
The Nodularia strains also shared a similar intergenic sequence between the rbcL and rbcX genes, which separated Nodularia from the other heterocytous filamentous strains, such as those from the genera Anabaena and Nostoc. The intergenic sequence between rbcX and the 1,5-bisphosphate carboxylase/oxygenase subunit S gene (rbcS) was more variable and grouped the Nodularia in a similar way to the 16S rRNA, rpoB and rbcLX genetic clustering. In addition, rpoB of the Nodularia strains carried an indel (insertion or deletion) of the same length, with the exception of N. harveyana strains BECID27, BECID29 and Bo53. The indels of strains BECID27 and Bo53, which were grouped together with all genetic and genomic methods used (Figs 2, 3, 4 and 5), as well as the indel of BECID29, were 23 bp longer than the indels of other Nodularia strains. An indel of 95 bp was also observed in the gvpA-IGS of PCC 9350, HEM, F81 and AV63, sharing identical 16S rRNA gene, rpoB and rbcLX sequences and highly similar STRR fingerprints (80?10-96?67 %). Thus, it seems that the fairly conserved indels are useful for phylogenetic classification, since they confirm the groupings based on nucleotide substitutions. These tools have been recommended as sole (Gupta, 2000a, b) or additional tools in phylogenetic studies of organisms (Woese, 2000) .
Genomic STRR fingerprinting revealed high variability within the benthic Nodularia strains, especially among N. harveyana, N. sphaerocarpa BECID36, Fä19, UTEX B 2092 and UTEX B 2093, and Nodularia sp. PCC 7804. This tool identifies and confirms the very close genomic similarity of Nodularia strains sharing identical or almost identical genetic similarity values. However, strains such as N. harveyana BECID29 and 12 Nodularia strains sharing more than 97 % 16S rRNA gene similarity shared no bands in their STRR profiles. Therefore, the different STRR patterns do not necessarily indicate distant relatedness of the strains. The low numerical value of STRR fingerprints can cause bias in determining the grouping of more diverse Nodularia strains. However, the method has been successfully used for differentiation and identification of symbiotic cyanobacteria such as Nostoc (Rasmussen & Svenning, 1998) .
gvpA-IGS and ndaF and their value as indicators of the presence of gas vacuoles and nodularin production PCR amplification resulted in one gvpA-IGS product (located between two copies of gvpA genes) from N. spumigena and thus indicated the presence of at least two gvpA genes, gvpA1 and gvpA2, in the N. spumigena strains studied. Also, N. spumigena strains without visible gas vacuoles (BY1 and PCC 9350) gave a positive result (Table 2) showing that the genes in these strains are possibly silent. PCR did not amplify any gvpA-IGS product from the benthic N. sphaerocarpa and N. harveyana strains (Table 2) implying that the benthic strains carry only one copy of the gvpA or no copy at all. Results indicate that the planktonic strains, which have gas vacuoles, generally have a higher number of gas vacuole genes than the benthic Nodularia strains, which lack gas vacuoles. Nevertheless, the presence of gvpA in the benthic strains may enable production of gas vacuoles under certain circumstances, such as in hormocytes/hormogonia. Hormogonia of cyanobacteria usually contain gas vacuoles (Damerval et al., 1989) .
ndaF was present in all N. spumigena strains and each one of them produced nodularin (Table 2 ). In addition, ndaF and nodularin production were detected in Nodularia sp. strain PCC 7804, which was isolated from a thermal spring and produces a nodularin variant (Beattie et al., 2000) . These results show that the presence of ndaF is a good indicator of nodularin production. In the future, ndaF from Nodularia, similarly to mcyA and mcyE from Anabaena and Microcystis strains (Vaitomaa et al., 2003; Tillet et al., 2001) , may prove to be a valuable tool for detection and early warning tests of nodularin-producers in water environments. The sequence divergence of ndaF among N. spumigena and Nodularia sp. PCC 7804 considered phylogenetically indicates that the ndaF (mcyE), 16S rRNA and rpoB genes have co-evolved, as suggested previously by Rantala et al. (2004) .
The data on nodularin production and the presence of ndaF provide further support to the idea that nodularin production is generally inherent in planktonic N. spumigena, in contrast to the benthic Nodularia strains (Lehtimäki et al., 2000; Laamanen et al., 2001; .
The relationship of phylogenetic and genetic data to the ecological features of Nodularia species
Genes encoding microcystin synthetases have been repeatedly lost during the evolution of microcystin-and nodularin-producing cyanobacteria (Rantala et al., 2004) . Benthic Nodularia strains do not produce nodularin or microcystin and are always without gas vesicles. Therefore, it is tempting to hypothesize that the benthic Nodularia species have also lost their gas vacuoles and nodularin synthetases once they adopted the benthic habitat. The reason would have been that the nodularin synthetases were no longer needed in the benthic habitat and their synthesis required an extra expenditure of energy. Nevertheless, the absence of nodularin synthetase in benthic Nodularia does not support the hypothesis that microcystins and nodularins are targeted against grazers. In the benthic littoral habitats of the Baltic Sea, a number of grazers exist and thus it might be advantageous to produce nodularin. Benthic cyanobacteria such as N. harveyana can, however, produce other unknown compound(s) that are toxic to the grazers, other cyanobacteria, bacteria and fungi (Pushparaj et al., 1999) and have a similar role to nodularin.
Low numbers of nucleotide substitutions may also indicate that N. spumigena diverged from the other Nodularia strains a relatively short time ago. N. spumigena is the only Nodularia species that inhabits a narrow planktonic ecological niche. It is possible that the more heterogeneous and more nutrient-rich benthic habitat, with its different types of substrates, has allowed higher, possibly also faster, diversification of Nodularia than the planktonic habitat. Salinity variations also account for the higher observed heterogeneity of the benthic habitat. The occurrence of benthic Nodularia species in water pools above the water layer (Table 1; Nordin & Stein, 1980) results in exposure to high variations in salinity.
The differences in STRR profiles found in the present study may indicate genomic rearrangements such as changes in genome size and content, which has been linked to the adaptation of an organism to an ecological niche in many publications (Thomson et al., 2003; Rocap et al., 2003) . For example, marine cyanobacteria have smaller genomes than their freshwater relatives, possibly reflecting the homogeneous and nutrient-poor marine environment (Thomson et al., 2003) . STRR fingerprinting cannot reveal directly differences in either the genome size or the content. However, it shows the potential recombination of genomes by which possible changes of genome size and content may occur.
Although N. sphaerocarpa and N. harveyana are more distantly related than N. spumigena and N. sphaerocarpa, clear phenotypic or ecological differences between the former two species have not yet been established. In this study, both N. sphaerocarpa and N. harveyana strains were devoid of gas vacuoles and were able to glide ( Table 2) . The strains did not produce nodularin, with the exception of strain PCC 7804. Komárek et al. (1993) considered N. harveyana to be halotolerant and N. sphaerocarpa to be a freshwater species. Seven of the N. sphaerocarpa strains used in this study were isolated from the brackish water of the Baltic Sea (Table 1) and one strain (UTEX B 2093) was from a pond with salinity of 18 % (Nordin & Stein, 1980) . The N. harveyana strains were isolated from highly similar habitats. These facts do not point to differences in halotolerance or salinity adaptation, but physiological experiments will help to unravel the possible differences.
Designations of benthic Nodularia strains
The delineation of N. spumigena type strains PCC 73104 and PCC 73104/1 here as N. sphaerocarpa is in agreement with their morphological and genetic classification into the N. sphaerocarpa cluster in other studies (Bolch et al., 1999; Lehtimäki et al., 2000; Laamanen et al., 2001; . According to our results, and the fact that N. spumigena was already described in 1886 according to the botanical system, a new bacteriological type strain ought to be assigned to N. spumigena. Therefore, for example, strain AV1 or GR8b might be nominated as the new type strain of N. spumigena. Strain PCC 73104, in turn, could be appointed as the type strain of N. sphaerocarpa. harveyana reference strain, Hübel 1983/300. The genetic analyses distinguished PCC 7804 from PCC 73104, since the strains were subdivided into distinct lineages, indicating that these strains might belong to two distinct species. Strain PCC 7804 showed only 65 % DNA-DNA hybridization value with PCC 73104 (Lachance, 1981) and thus was considered to belong to a different species than PCC 73104 (Rippka et al., 2001) . The current species concept, however, allows more flexible DNA-DNA similarity frontiers of a single species when each strain from more than one genomic group share the same phenotypic property (Rosselló -Mora & Amann, 2001) . PCC 7804 and PCC 73104 lacked gas vacuoles and thus putatively inhabit the same ecological niche, the benthic habitat. Therefore, in the absence of a clear phenotypic difference, which separates PCC 7804 from PCC 73104, it may be justified to assign PCC 7804 and PCC 73104 to a single species.
Conclusions
In this study, it was shown that within the genus Nodularia at least three different species, N. spumigena, N. sphaerocarpa and N. harveyana, exist. The morphologically defined species are closely related, but clearly distinguishable phylogenetically and, in the case of N. spumigena, phenotypically. N. spumigena is characterized by nodularin production, the presence of ndaF, gas vacuoles and possibly one copy of gvpA-IGS and thus possibly two gvpA genes. The benthic Nodularia are, in turn, able to glide, non-nodularinproducing, without ndaF, gas vacuoles and gvpA-IGS fragment, and thus with one gvpA gene or no gvpA gene at all. N. harveyana is diverse and may in fact include two species. DNA-DNA hybridization will give more firm taxonomic conclusions of the three species determined in the present study. Future studies will also reveal if there are ecological differences between N. sphaerocarpa and N. harveyana.
